Necrosis and apoptosis are well established as two primary cell death pathways. Mixed neuroglial cultures are commonly used to study cell death mechanisms in neural cells. However, the ages of these cultures vary across studies and little attention has been paid to how cell death processes may change as the cultures mature. To clarify whether neuroglial culture age affects cell death mechanisms, we treated 1-and 3-week-old neuroglial cultures with either the excitotoxic stimulus, N-methyl-Daspartate (NMDA), or with the oxidative stressor, hydrogen peroxide (H 2 O 2 ). Although NMDA is known to be toxic only in cultures that are at least 2 weeks old, H 2 O 2 is toxic in cultures of all ages. Here, we confirm that, in 1-week-old neuroglial cultures, NMDA does not induce toxicity, whereas H 2 O 2 induces both calpain-mediated and caspase-mediated neuronal death. In 3-week-old cultures, both NMDA and H 2 O 2 trigger calpain-mediated, but not caspase-mediated, neuronal death. Further, we observed a decrease in caspase-3 levels and an increase in calpain levels in untreated neuroglial cultures as they aged. The findings presented here show that neuronal cell death mechanisms vary with culture age and highlight the necessity of considering culture age when interpreting neural cell culture data.
Introduction
Neurons undergo cell death during both development and disease. Classically, cell death falls under two major categories. Apoptosis, considered a programmed cell death, is classified by specific cellular morphological changes such as membrane blebbing and nuclear fragmentation [1] . The second major form of cell death is necrosis, classically defined as a passive and unregulated event [1] . However, some reports have suggested that necrosis can also occur as part of a coordinated cell death program comparable with apoptosis and is not an uncontrolled event [1, 2] .
Caspases, a family of aspartate-specific cysteine proteases, are activated through proteolytic cleavage and are well characterized for their role in apoptosis [3] . Caspases fall into one of two groups: initiator caspases (8, 9 , and 10) and their downstream targets, executioner caspases (3, 6 , and 7). Activation of the initiator caspases serves to initiate apoptosis and can be triggered either extracellularly through stimulation of the Fas receptor and tumor necrosis factor receptor or intracellularly through the release of cytochrome c from mitochondria [3] . The initiator caspases function to activate caspase-3 or another executioner caspase, which then executes apoptosis [3] .
Calpain is a ubiquitously expressed Ca 2 + -dependent neutral protease. Although apoptosis is classically considered to be under the purview of the caspase family, calpain is now believed to play a role in apoptosis under certain conditions [4] . Calpain is also activated in neurological diseases in instances of both necrotic and apoptotic cell death [5, 6] . Calpain is maintained as an inactive proenzyme until a spike in cytosolic free Ca 2 + concentration triggers its activation. Cleavage targets of activated calpain comprise many enzymatic, signaling, and cytoskeletal proteins, including the neurofilament proteins, tau and tubulin [7] . Importantly, calpain activity contributes toward neuronal death in multiple neuropathological conditions, such as spinal cord injury [7] , cerebral ischemia [8] , and Alzheimer disease [9] .
Attempts at uncovering the relative roles of caspases and calpains in neuronal death have been complicated by the postmitotic nature of neurons. Unlike cycling cells, cultured neurons differentiate and mature as they age. Indeed, it is well documented that the expressions of certain proteins change as neuronal cultures age in vitro. For example, N-methyl-D-aspartate (NMDA) glutamate receptor expression is absent until approximately 14 days in vitro (DIV) and its subunit composition changes between 14 and 21 DIV [10] . In previous studies of neuronal death, culture age has varied widely and the contributions of these age variations were not considered. Here, we examine the involvement of caspases and calpains in 1-and 3-week-old neuroglial cultures respond- 
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Calpain mediates NMDA-induced neurotoxicity in 3-week-old cultures. (a) MAP2 cell-based ELISA was performed in 1-or 3-week-old rat cortical cultures in response to 3, 10, and 30 mM NMDA. NMDA had no effect on the MAP2 fluorescence signal strength in 1-week-old rat cortical cultures. In 3-week-old rat cortical cultures, NMDA induced a dose-dependent decrease in the fluorescence signal strength in MAP2 cell-based ELISA, and the decrease is blocked by the calpain inhibitor, MDL28170, and by the NMDA receptor antagonist, MK801, but is not affected by the caspase inhibitor, OPH (***P < 0.001, compared with veh; ### P < 0.001, compared with cells treated with 30 mM NMDA). (b) Neuronal survival as determined by counts of MAP2-positive cells in 1-or 3-week-old rat cortical cultures in response to 3, 10, and 30 mM NMDA. Data represent the average ±SD counts of multiple wells (n = 6; ***P < 0.001, compared with veh; ### P < 0.001, compared with cells treated with 30 mM NMDA). (c) One-and 3-week-old rat cortical cultures were treated with 3, 10, 30, or 100 mM NMDA, and the expression levels of calpain-cleaved spectrin, caspase-3, and cleaved caspase-3 were detected (n = 3) by western blot. The fold change in protein expression compared with that of the control (1.0) is specified beneath the respective bands in each blot. Each sample was subjected to SDS-PAGE and stained with coomassie blue to show equal loading of samples. ELISA, enzyme-linked immunosorbent; MAP2, microtubule-associate protein 2; NMDA, N-methyl-D-aspartate; PAGE, polyacrylamide gel electrophoresis; veh, vehicle.
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ing to two different toxicities: NMDA, a toxicity known to depend on culture age, and hydrogen peroxide (H 2 O 2 ), which is toxic to neuronal cultures irrespective of age [11] .
Materials and methods

Preparation of primary neuronal cultures
Primary rat neuroglial cortical cultures were prepared from embryonic day 17 Sprague-Dawley rat fetuses as described previously [12] . Cells were plated in dishes precoated with poly-L-lysine (Peptides International, Louisville, Kentucky, USA) at a density of 6 Â 10 6 cells/ 100 mm dish or 4 Â 10 4 cells/well in 96-well plates and were maintained at 371C, 5% CO 2 in neurobasal media (Invitrogen, Grand Island, New York, USA) with B27 supplement (Invitrogen). Neurons make up 90% of the total cells under these culture conditions [13] .
MAP2 cell-based ELISA assay
Primary rat cortical neuroglial cultures were plated in 96-well plates. Neuronal death and damage were assessed using a microtubule-associate protein 2 (MAP2) cellbased enzyme-linked immunosorbent (ELISA) assay, as described previously [13] . The reliability of the ELISA as an indicator of cell death was verified by traditional hand counting of MAP2-positive cells [13] .
Western blotting of primary cell cultures
Whole-cell extracts were prepared from primary rat cortical cultures and were subjected to western blotting. Antibody dilutions are as follows: calpain-cleaved spectrin, 1 : 15 000 (gift from David Lynch, University of Pennsylvania, Philadelphia, Pennsylvania, USA); m-calpain, 1 : 500 (#2556; Cell Signaling Technologies, Danvers, Massachusetts, USA), caspase-3, 1 : 500 (#06735; Millipore, Billerica, Massachusetts, USA); caspase-9, 1 : 500 (#04443; Millipore); caspase-8, 1 : 250 (AB1879; Millipore); and cleaved caspase-3, 1 : 250 (#9661; Cell Signaling Technologies).
Statistical analysis
Differences between the test groups were examined by one-way analysis of variance, with a threshold for significance of P value less than 0.05.
Results
Calpain, not caspase, mediates NMDA-induced neurotoxicity in 3-week-old cultures
To elucidate age-related differences in neuronal death processes, we treated 1-and 3-week-old mixed rat cortical cultures with varying doses of NMDA, the chemical agonist of the glutamate NMDA receptor. First, we examined cultures for neuronal damage and death using a cell-based (CB)-ELISA to detect the neuronal marker protein, MAP2. We found that, as expected, 1-week-old cultures showed no loss of MAP2 fluorescence when treated with NMDA, whereas 3-week-old cultures showed a significant decrease in MAP2 levels at all NMDA dosage levels (Fig. 1a) . This decrease in MAP2 fluorescence was rescued by pretreatment with the calpain inhibitor MDL28170 (MDL), but not the pancaspase inhibitor qVD-OPH (OPH). As a positive control for protection, we also pretreated control cultures with the NMDA receptor antagonist, MK801, which completely blocks NMDA-induced toxicity. The result was confirmed on counting the number of MAP2-positive cells (Fig. 1b) .
To verify our pharmacological inhibitor data, we examined the levels of calpain-cleaved spectrin and executioner caspase-3 in our treated cultures to assess the activation of each protease. As expected, we observed no increase in cleaved caspase-3 levels or in calpain-cleaved spectrin levels in 1-week-old cultures following treatments with 3, 10, 30, or 100 mM NMDA (Fig. 1c) . In 3-week-old cultures, NMDA treatment induced an increase in calpain-cleaved spectrin at all treatment doses. However, there was no increase in cleaved caspase-3 levels at any dose of NMDA treatment. Taken together, these data suggest that calpain, rather than caspase-3, mediates NMDA-induced neuronal death in 3-week-old cultures.
Both caspase and calpain activities contribute toward H 2 O 2 -induced toxicity in 1-week-old cultures, whereas toxicity in 3-week-old cultures is mediated through calpain alone
We next treated 1-and 3-week-old cultures with H 2 O 2 to examine neuronal death processes following an insult known to induce toxicity in neuronal cultures irrespective of age [11] . Specifically, we treated cortical neuroglial cultures with 30, 100, or 300 mM H 2 O 2 and examined neuronal death and damage using the MAP2 CB-ELISA. In 1-week-old cultures, we observed significant MAP2 loss following treatment with either 100 or 300 mM H 2 O 2 ; Both caspase and calpain activity contribute toward hydrogen peroxide (H 2 O 2 )-induced toxicity in 1-week-old cultures, whereas toxicity in 3-weekold cultures is mediated through calpain. (a) MAP2 cell-based ELISA was performed in 1-or 3-week-old rat cortical cultures in response to H 2 O 2 . In 1-week-old rat cortical cultures, H 2 O 2 induced a dose-dependent decrease in the fluorescence signal strength in MAP2 cell-based ELISA, and the decrease was blocked by the calpain inhibitor, MDL28170, and the caspase inhibitor, OPH. In 3-week-old rat cortical cultures, H 2 O 2 induced a dose-dependent decrease in the fluorescence signal strength in MAP2 cell-based ELISA, and the decrease was blocked by MDL28170, but not by OPH (***P < 0.001, compared with veh; ### P < 0.001, compared with cells treated with 300 mM H 2 O 2 ). (b) Neuronal survival as determined by counts of MAP2-positive cells in 1-or 3-week-old rat cortical cultures in response to H 2 O 2 . Data represent the average ±SD counts of multiple wells (n = 6; ***P < 0.001, compared with veh; # P < 0.05, ### P < 0.001, compared with cells treated with 300 mM H 2 O 2 ). (c) One-or 3-week-old rat cortical cultures were treated with different concentrations of H 2 O 2 and the expression levels of calpain-cleaved spectrin, caspase-3, and cleaved caspase-3 were determined (n = 3). The numerical values specified beneath the respective bands of western blots represent the fold change in protein expression as compared with that of the control (1.0). Each sample was subjected to SDS-PAGE and stained with coomassie blue to show equal loading of samples. ELISA, enzyme-linked immunosorbent; MAP2, microtubule-associate protein 2; NMDA, N-methyl-D-aspartate; PAGE, polyacrylamide gel electrophoresis; veh, vehicle.
Differential roles for caspase-and calpain-mediated cell death Wang et al. 1055 in 3-week-old cultures, all three doses of H 2 O 2 induced a significant reduction in MAP2 (Fig. 2a) . The decreased MAP2 fluorescence was rescued by pretreatment with MDL and OPH in 1-week cultures, but only by MDL in 3-week cultures. The result was confirmed on counting the number of MAP2-positive cells (Fig. 2b) . When we immunoblotted lysates from H 2 O 2 -treated cultures for markers of protease activation, we found high levels of calpain-cleaved spectrin in both 1-and 3-week-old cultures treated with 100 and 300 mM H 2 O 2 and moderate levels of calpain-cleaved spectrin in 3-week-old cultures treated with 30 mM H 2 O 2 (Fig. 2c) . In support of our pharmacological inhibitor data, we observed increased levels of cleaved caspase-3 in 1-week-old cultures treated with 100 mM H 2 O 2 , but no increases in cleaved caspase-3 in 3-week-old cultures subjected to any doses of H 2 O 2 (Fig. 2c) . Interestingly, we observed increased levels of cleaved caspase-3 in 1-week-old cultures treated with 30 mM H 2 O 2 , even though we had not observed MAP2 loss in these cultures. Further, we observed no increases in cleaved caspase-3 in 1-week-old cultures treated with 300 mM H 2 O 2 , even though OPH protected against MAP2 loss induced at this dose. These findings suggest that in 1-week-old mixed cortical cultures, caspase-3 plays a role in H 2 O 2 -induced toxicity, particularly at lower doses, but does not contribute toward H 2 O 2 -mediated cell death in 3-week-old cultures. In contrast, calpain appears to mediate H 2 O 2 -induced cell death in both 1-and 3-week-old cultures.
Calpain expression increases whereas caspase-3 expression decreases as neuroglial cultures age
We next sought to determine whether 1-and 3-week-old cultures showed any difference in the expression levels of calpains and caspases to determine whether our observed differences in protease responses to toxicities might occur solely at the cleavage/activation level or whether differences in expression levels might also contribute. Thus, through immunoblot, we examined the levels of mcalpain, caspase-3, and of the initiator caspases, caspase-8 and caspase-9 in 2-, 7-, 14-, and 21-day-old mixed cortical cultures. We found that the levels of calpain increased with age and that full-length procaspase-3 decreased (Fig. 3) . We observed no change in the levels of fulllength caspase-8 or caspase-9.
Discussion
In the present study, we highlight how the age of primary neuronal cultures influences the respective contributions of calpain and caspase to neuronal death. We investigated the role of calpain and caspase activation in two toxicity models, NMDA and H 2 O 2 , using rat primary cortical neurons aged for 1 and 3 weeks in culture. We found that 1-week-old cultures treated with NMDA showed no significant calpain-mediated or caspase-mediated toxicity, whereas NMDA treatment of 3-week-old neuronal cultures triggered calpain-dependent neurotoxicity. H 2 O 2 treatment of 1-week-old cultures produced both calpain and caspase-3 activation as well as calpainmediated and caspase-mediated neurotoxicity. In contrast, H 2 O 2 treatment of neuronal cultures at 3 weeks of age primarily produced calpain-mediated toxicity. To examine the possible mechanisms for these age-dependent responses, we measured the expression of m-calpain and caspase-3, caspase-8, and caspase-9 in primary neuronal cultures over time. We found that m-calpain is expressed at higher levels as cultures age. In contrast, caspase-3 expression shows a decrease in protein levels as the cultures age. Together, our findings suggest that caspase-triggered death may play a major role in younger cultures, but that a calpain-mediated death pathway predominates as cultured neurons mature.
Caspase activation has been reported to play an instrumental role in neurotoxicity caused by Ab peptides, glutamate, and 6-hydroxydopamine, as well as that caused by serum withdrawal [14] [15] [16] [17] . However, the primary neuronal cultures used in each of these studies have been aged for a week or less in vitro. The presence of caspasedependent neuronal death in 1-week-old cultures and its absence in 3-week-old cultures indicate that caspase involvement in neuronal death is greatest when the cells are immature and highlight the importance of culture age in studies examining death mechanisms in neurons, such as those mentioned above.
Further, although studies had suggested previously that an excitotoxic challenge can trigger caspase-mediated apoptotosis in cultured neurons [5] , a recent growing body of evidence has indicated that calpain pathways and not caspase pathways are predominantly responsible for excitotoxic death [10, 13, 18] . Our observation that NMDA-mediated calpain activation and excitotoxic death only manifest in older neuronal cultures has been similarly supported by several studies highlighting the developmental regulation of NMDA receptor expression in culture. These studies show (a) that NMDA-induced toxicity occurs selectively in mature neuronal cultures and that it can be blocked by the application of the NMDA receptor antagonist MK801, which blocks open channels on the cell surface, and (b) that excitotoxicitysensitive NR2A and NR2B subunits are highly expressed between 14 and 21 DIV, but are almost undetectable at 7 DIV [10, 19] . Consequently, the presence of NR2-containing NMDA receptor subtypes leads to an increased excitotoxic death in older cultures.
The increase in m-calpain protein expression along with the decrease in caspase-3 expression as our cultures age may partially explain the absence of caspase-dependent neurotoxicity following toxic treatments of our 3-weekold primary neuronal cultures. Interestingly, these converse patterns of calpain and caspase-3 protein expression have been reported previously by others using primary rat cortical cultures aged between 5 and 20 DIV [20] . A number of in-vivo studies have also examined the temporal expression of these proteases during rat brain development. They similarly found that procaspase-3 protein and mRNA levels decrease markedly in the cortex and in brain homogenates during central nervous system maturation [21] [22] [23] . These reports are accompanied by functional studies reporting a progressively reduced ability to activate caspases in neurons as they mature in culture and in vivo [21, 23] . In contrast, upregulation of calpain mRNA and protein levels has been observed repeatedly as brains age and undergo neurodegeneration, with abnormally high levels observed in the neocortex of Alzheimer's Disease patients and substantia nigra and locus coeruleus of Parkinson's Disease patients [9, 22, 24] .
Although 1-week-old cultures treated with H 2 O 2 showed an accumulation of cleaved caspase-3, 3-week-old cultures treated with either NMDA or H 2 O 2 showed no caspase-3 activation. Procaspase-3 levels were nonetheless detectable in our 3-week cultures and were noticeably reduced by higher concentrations of NMDA and H 2 O 2 . Interestingly, this reduction was typically accompanied by calpain activation observed by increased calpain-cleaved spectrin, suggesting that 3-week-old neuronal cultures may utilize calpain-mediated proteolysis or degradation of caspase-3 as a mechanism to silence caspase signaling. Indeed, cross-talk between the calpain and the caspase pathways has been reported in several instances, with calpain typically acting upstream of caspases, cleaving caspase-3 as well as caspase-7, caspase-8, and caspase-9 at noncanonical sites, rendering them inactive [25] .
Our results strongly suggest that the caspase-dependent death pathway is active in developing neuronal cultures, but is replaced by calpain as the predominant death pathway when cultured neurons mature. We suggest two potential mechanisms that underlie this change: (a) calpain-mediated inactivation of caspases (Figs 1 and 2 and (b) downregulation of procaspase expression as neurons age (Fig. 3) . Both mechanisms may be at play as neurons age. Given our findings, in-vitro studies of caspase involvement in neuronal death should be interpreted with careful consideration given to the age of culture.
